IMPORTANCE Disseminated retinoblastoma is usually fatal. Identification of small amounts (minimal dissemination [MD]) of tumor cells in extraocular sites might be a tool for designing appropriate treatments.
D isseminated retinoblastoma is the major cause of mortality associated with this tumor worldwide. 1 Retinoblastoma may disseminate to the central nervous system (CNS) through direct optic nerve extension and/or by hematogenous dissemination. 2 Bone marrow is the most common metastatic site, followed by bones, liver, and other less common organs. 2, 3 Although widely recognized from the clinical point of view, little is known about the kinetics of the dissemination of retinoblastoma. 4 To study the patterns of dissemination, the study of minimal dissemination (MD) by polymerase chain reaction (PCR) or immunocytology has become a tool in other pediatric c ancers 5 ; however, there have been few studies on retinoblastoma. 6, 7 One study 7 reported that MD is more likely at diagnosis in the cerebrospinal fluid (CSF) in children with massive optic nerve invasion and glaucoma. In that study, disialoganglioside GD2 synthase was used as a molecular marker for MD. Immunocytology for disialoganglioside GD2 has been performed in bone marrow and CSF for the diagnosis of retinoblastoma. 8, 9 This technique has been used for MD detection in neuroblastoma as well. 10 However, disialoganglioside GD2 may also be expressed by normal bone marrow stem cells showing background expression, limiting its specificity and sensitivity, 10 and disialoganglioside GD2 is less effective for diagnostic confirmation in specimens with scant cellularity, such as CSF. Because patients with retinoblastoma carry a unique mutation of the Rb1 gene (NCBI, reference sequence NM_000321.2), identifying cells with this mutation in extraocular sites would be unequivocal evidence of MD. 6 However, it is more difficult to implement in settings with a high patient volume and limited resources. Since retinoblastoma derives from retinal precursors, lineage-specific markers would be more specific for the detection of tumor cells in nonocular tissues. Among these markers, cone-rod homeobox (CRX), an Otx-like homeobox transcription factor critical for photoreceptor differentiation and for maintenance of normal retinal development, has been reported 11-15 as being uniformly expressed in retinoblastoma. Given its restricted expression to photoreceptor precursors, we aimed to investigate CRX messenger RNA (mRNA) as a molecular marker not only for diagnostic evaluation but also for the evaluation of MD. The aims of this study were to (1) evaluate the usefulness of detection of CRX mRNA using retrotranscription (RT) followed by real-time PCR in bone marrow, peripheral blood, and CSF for identification of infiltrating tumor cells in metastatic retinoblastoma; (2) assess CRX mRNA as a marker for MD to evaluate the kinetics and patterns of response to treatment and relapse; and (3) correlate this information to establish patterns of disease dissemination in different clinical scenarios.
Methods
This study, conducted from June 30, 2008, to June 30, 2014, comprised 2 phases. The first phase was validation of the marker and the detection method; the second phase was evaluation of CRX in patients. The study was approved by our institutional review board (Pediatric Hospital Servicios de Atención Médica Integral para la Comunidad Professor Dr. Juan P. Garrahan), and all procedures were performed in accordance with ethical standards and the Declaration of Helsinki. Parents/ guardians signed a written informed consent form allowing the use of samples and data for research purposes. The participants did not receive financial compensation.
Validation of the Marker and the Detection Method
Expression of CRX mRNA in Retinoblastoma Cell Lines, Retinoblastoma Tumors, and Controls We evaluated the expression of CRX mRNA in retinoblastoma cell lines Y79 and WERI-Rb1 (ATCC). In addition, we examined 17 primary ocular tumors (obtained during enucleation and stored at −70°C until analysis).
Controls
Bone marrow samples (n = 47) from children with cancer other than retinoblastoma that were in complete remission (eg, acute leukemia, Ewing sarcoma, histiocytosis, non-Hodgkin lymphoma, medulloblastoma, and neuroblastoma) were obtained during the same study period and used as controls. The samples were processed and evaluated under the same procedures and conditions described for retinoblastoma samples.
PCR Studies
RNA Extraction and Complementary DNA First-Strand Synthesis | Total RNA from tumors, samples of bone marrow, CSF, and peripheral blood was extracted with the phenol-chloroform method according to the manufacturer's instructions (SigmaAldrich). The complementary DNA was obtained by retrotranscription (50 minutes at 50°C) using 2 μg of total RNA, random hexamers, deoxynucleotides, and reverse transcriptase (Superscript III; Life Technologies).
Primers | Primers for real-time PCR were designed using the software Primer Express 1.5 (Applied Biosystems) based on the sequences from GenBank (National Center for Biotechnology Information, reference sequence for CRX mRNA, NM_000554 and for GAPDH mRNA, NM_001256799.1). For target CRX, the 5-3 primer forward was GAGGAGGTGGCTCTGAAGATCA and the 5-3 reverse was TTAGCCCTCCGGTTCTTGAA. For GAPDH, the
At a Glance
• Disseminated retinoblastoma is the major cause of mortality for this tumor worldwide.
• We investigated cone-rod homeobox (CRX), a transcription factor for photoreceptor differentiation by real-time polymerase chain reaction as a diagnostic marker and for minimal dissemination in retinoblastoma.
• We confirmed that CRX messenger RNA is a reliable and specific marker for retinoblastoma in extraocular sites.
• Bone marrow disease clears quickly and completely after induction therapy at a molecular level even during cerebrospinal fluid relapse.
• The cerebrospinal fluid would be a sanctuary site for occult retinoblastoma cells. Limit of Detection of the RT Followed by the Real-Time PCR System | The sensitivity of the RT followed by real-time PCR was assessed by seeding WERI-Rb1 cells into normal mononuclear cells (MNCs) with a dilution range from 10 −1 to 10 −7 . Sensitivity was defined as the lowest dilution with specific amplification and SD between replicates lower than 0.5. The quantitative range was defined as the lowest dilution to yield a difference between dilutions of approximately 3.34 threshold cycles.
Evaluation of CRX in Patients Patients
This prospective study included all children with metastatic retinoblastoma at diagnosis or at relapse between June 30, 2008, and June 30, 2014. When curative therapy was attempted, children were considered for an intensive chemotherapy induction regimen followed by consolidation with high-dose chemotherapy and autologous stem-cell rescue for responding patients as previously reported. 17, 18 Patients ranged in age from 18 to 41 months.
Specimen Collection and Preservation
Samples of peripheral blood, bone marrow, and CSF were collected as part of a prospective defined schedule. Bone marrow examination included samples of 2 aspirates and 2 biopsies taken from each posterior iliac crest that were sent for morphologic assessment (cytology), immunocytology for disialoganglioside GD2, and PCR determinations. Each specimen used for PCR was placed into a guanidinium-thiocyanate buffer (1:1.5 ratio of sample to buffer) as previously reported. 16 Bone marrow biopsies were routinely processed using histopathologic testing. Immunocytology for disialoganglioside GD2 was done using the 3F8 antibody as previously reported. 8 Samples of CSF (3 mL) and peripheral blood (3 mL) were collected at the same time. Cerebrospinal fluid was analyzed by cytology, by immunocytology for disialoganglioside GD2 (examined only with cell count ≥3 cells/mm 3 ), and by PCR. Response-to-treatment evaluation was scheduled after the second induction chemotherapy cycle; however, in cases with bone marrow invasion, evaluation was performed after the first chemotherapy cycle and repeated after each cycle until the results were negative. In all cases, complete examination was done before consolidation, at day 60 of consolidation, and 1 year after diagnosis or in the event of a suspected extraocular relapse.
Data Analysis of CRX Expression
Clinical samples were scored as positive if at least 2 of the 3 replicates had a Ct value lower than 40, with an SD between replicates of less than 0.5. Twice repetitions were performed from each bone marrow sample. The CRX mRNA normalized expression values were obtained through the ΔΔCt method, as described above.
Patients in whom either CRX mRNA, immunocytology for disialoganglioside GD2, and/or GD2-nested PCR was detected in bone marrow, peripheral blood, or CSF and who did not show tumor cells by standard pathologic criteria were considered as having MD. Survival status was updated to June 30, 2014. 
Patient Description and Outcome
The study included 17 patients with metastatic retinoblastoma. Nine patients had newly diagnosed metastatic retinoblastoma (Table 1) , and the remaining individuals were included upon occurrence of metastatic relapse ( Table 2 ) events after diagnosis of nonmetastatic retinoblastoma. All patients with newly diagnosed metastatic disease had biopsy-proved bone marrow invasion, and 2 patients had concomitant CNS invasion consisting of chiasmatic involvement with normal CSF through cytologic examination.
Of the 9 patients who had metastatic disease at diagnosis, 1 died of chemotherapy toxic effects, and 7 achieved complete remission with chemotherapy and surgical removal of the primary ocular tumor. Patient outcomes are described in Table 1 .
Of the 8 patients included upon metastatic relapse, all presented with nonmetastatic disease but had a CNS relapse occurring at a median of 12 months (range, 6-27 months) after diagnosis (Table 2) . Relapse included CSF involvement in 7 patients and a chiasmatic tumor mass with normal CSF in the remaining patient. No bone marrow involvement was evident in any of these cases. Patient outcomes are described in Table 2 .
CRX in Patients With Histopathologic Evidence of Bone Marrow Invasion
Both CRX mRNA and immunocytology for disialoganglioside GD2 were positive in all 9 cases, confirming neoplastic infiltration. The CRX mRNA relative expression values ranged from 6.0 × 10 −5 to 0.67 (mean, 0.17; SD, 0.26) (Figure 1) . Peripheral blood in all these patients was also positive for CRX mRNA despite all children having normal counts and no morphologic evidence of circulating blasts. In 7 of the 8 evaluated cases (1 child died), no MD was evident in the bone marrow specimens at any time after the first chemotherapy cycle since the specimens became negative both for CRX mRNA and immunocytology for disialoganglioside GD2 and remained below the level of detection thereafter either before autologous stemcell rescue and at hematopoietic reconstitution at 2 months and 1 year after transplant. In the remaining child, CRX mRNA was negative after 2 cycles in the bone marrow, but a CSF relapse was observed after the third cycle (performed by GD2-nested PCR). No child had a bone marrow relapse.
MD in Bone Marrow of Patients With CSF Relapse
A total of 11 CSF relapses occurring in 9 patients with retinoblastoma were evaluated. Seven patients were included in the study in the event of the first CSF relapse, and 2 of these children had a subsequent CSF relapse that was also studied. Two patients with metastatic disease at diagnosis had a CSF relapse as their first event, and they were also studied. The bone marrow was evaluated in all of these CSF relapses and was negative on morphologic evaluation. There was no evidence of bone marrow MD since immunocytology evaluation for disialoganglioside GD2 and CRX mRNA was negative in all instances ( Figure 1 ). In these episodes, typical neoplastic cells were seen by morphologic examination in the CSF in 7 cases that were confirmed as malignant by immunocytology for disialoganglioside GD2. In 3 events, the immunocytology was not conclusive, so neoplastic cells were identified by GD2-nested PCR or CRX mRNA (CRX mRNA relative expression values, 1.5 and 1.8). The CSF was not evaluated in 1 child (Table 2) .
MD in CSF of Children With No Clinical CSF Involvement
Three of the 9 children with initial metastatic disease had MD in the CSF at diagnosis (2 studied by GD2-nested PCR and 1 evaluated by RT followed by real-time PCR for CRX (CRX mRNA relative expression level, 1.87). In children with CSF involvement, MD could be evaluated only in the 2 cases for CRX mRNA expression. In one of these cases and in one from the metastatic group, after becoming negative, a positive MD determination heralded a CSF relapse occurring weeks thereafter (CRX mRNA relative expression level, 1.5).
Discussion
We confirmed that CRX is a reliable tumor marker for retinoblastoma in extraocular sites. Our data, obtained with use of Our validation of CRX mRNA in bone marrow, analyzed by morphologic examination and immunocytology for disialoganglioside GD2, had no false-negatives. However, the observed wide range of CRX mRNA relative expression levels may be explained by different degrees of tumoral infiltration in each patient. 20 Children without retinoblastoma showed no detectable expression of CRX mRNA, with no false-positives in a large control group. These data suggest that we had a specificity of 100% and a sensitivity of 100% for the evaluation of bone marrow infiltrated with retinoblastoma. Tumor cells from patients with relapse after multiple chemotherapy treatments continued to show CRX mRNA expression, which allows monitoring of treatment response. Nevertheless, mRNA-based analysis is limited by its lower stability compared with DNA determinations. The use of GD2-nested PCR in the CSF of children with retinoblastoma without CNS involvement has been evaluated, 7 but the bone marrow was not evaluated. The use of disialoganglioside GD2 synthase as a marker for MD in bone marrow was challenging since we obtained both a lower sensitivity and specificity due to the presence of background expression of disialoganglioside GD2, as other groups have reported for neuroblastoma. 10 Use of CRX mRNA as a marker for MD of retinoblastoma compares favorably with disialoganglioside GD2 synthase because of the lack of background expression with higher specificity and sensitivity. Real-time PCR for CRX mRNA was more specific in the evaluation of CSF in 2 cases with inconclusive results of conventional cytology and immunocytology for disialoganglioside GD2. As reported 7, 21 for nested PCR for GD2 synthase, MD could be detected in the CSF with CRX mRNA heralding CSF relapse. However, the use of PCR for determination of MD in the CSF is challenging because of the low yield of RNA from acellular CSF, and more than one technique would be appropriate for a reliable result. Our study provides data to better understand the kinetics of response to treatment in metastatic retinoblastoma and to infer mechanisms for dissemination. Patients with systemic metastasis can be cured with intensive therapies if there is no CNS involvement. Most treatment failures are related to CNS relapse, even in children with no overt CNS dissemination. The rapid, complete clearance of tumor cells from the bone marrow supports the concept that systemic disease control is optimal with intensive chemotherapy. Even though realtime PCR analysis allows for quantitative assessments, this outcome was not possible in our cohort since all patients with bone marrow response after the first cycle showed values below the detection level, and there was no change throughout the study. of childhood acute lymphoblastic leukemia; whether CSF seeding is an isolated event confined to the CNS; and if either of these situations is present at diagnosis or at the time of relapse. With such information, intensification of therapy can be targeted preferentially to the CSF or systemically to improve results. Our data clearly show that bone marrow invasion does not significantly contribute to the occurrence of CSF relapse since no evidence of bone marrow MD was noted in any of the 11 episodes of CNS relapse evaluated in the present study. It is more likely that, in most cases, the CSF is seeded earlier in the disease course and these tumor cells are not completely eradicated by conventional chemotherapy, leading to CSF relapse acting as a sanctuary site. 21 Hence, intensifying CSF-directed therapy with intrathecal or intraventricular chemotherapy should be explored to try to improve outcomes. 23 Most groups 24 treat retinoblastoma metastatic to the CNS with intensive systemic chemotherapy and no intrathecal chemotherapy, but survival rates are below 30%. Although intrathecal chemotherapy including methotrexate and cytarabine was relatively widely used in the past, 25, 26 most groups discontinued it in favor of a more intensive systemic regimen, mostly because of the relatively low activity of those drugs for retinoblastoma. However, newer drugs already tested for intrathecal chemotherapy and active for retinoblastoma, such as topotecan hydrochloride, may be good candidates in light of our findings.
27,28

Conclusions
The data obtained in this study suggest that CRX mRNA is a novel and specific marker for disseminated retinoblastoma of interest for MD determination and as a tool for improving tumor cell identification in extraocular sites. Cerebrospinal fluid relapse is not related to concomitant systemic dissemination of retinoblastoma. 
